In 2000, the European Union (EU) launched the Water Framework Directive (WFD), calling for a good ecological status for water bodies by 2015 through integrated river basin management. Despite huge investments, the river Zenne (Belgium) still acquires high loads of pollutants. A multidisciplinary research project was therefore launched to evaluate the effects of river basin wastewater management plans on the river's ecological functioning. Different water quantity and quality processes were considered, and different models were used for each process. For the integration of these modelsin view of a holistic analysiswe opted for the Open Modelling Interface (OpenMI). This paper discusses early results of integrated faecal bacteria modelling considering five models.
INTRODUCTION
The use of modelling and modelling tools to represent reality in a simplified form has been practised for a long time (Parker et al. ) . However, the real problem is much more complex and interrelated (Argent et al. ) , hence the growing consensus that an integrated approach is required in any attempt to seek insights into these complex problems (Parker et al. ; Candela et al. ; Bulatewicz et al. ) . Regulatory frameworks such as the European Union Water Framework Directive (EU-WFD) (EU ) also require practitioners to adopt an integrated approach towards exploring if not mitigating environment-related problems. While the need for integrated modelling is generally recognised, there is, however, little consensus on how to proceed towards achieving a feasible integration of models on different concepts, and different spatial and temporal scales (Parker et al. ) . allow to interchange specific components of the integrated modelling system, in order to better represent the specific process or to test the impact of a specific component in the integrated system (Castronova et al. ) . A major advantage of model coupling is that it allows practitioners to use the 'most suitable' existing models, thereby preserving the previous investments made in those models.
The OpenMI (Moore & Tindall ; Gregersen et al.
)
is an example of a tool coupling methodology. It is an interface that allows models (that are compliant to its standard) to exchange data as they run. It therefore eliminates the cumbersome and error-prone tasks of transforming the output of one model into an input to another model (Reußner et 
METHODS
With the aim of developing an OpenMI based integrated model to simulate faecal bacteria dynamics, the task was undertaken in the following steps and is discussed further below.
• Step 1: Processes and process interactions governing faecal bacteria dynamics were identified.
•
Step 2: Suitable models to represent the processes were selected or developed.
• Step 3: Non-OpenMI compliant models were made OpenMI compliant.
Step 4: All the required data to build-up, calibrate, and validate the models were sourced.
Step 5: Several stand-alone and OpenMI integrated models were build-up, calibrated, and validated in sequential way as follows: Hence, modelling the fate and dynamics of faecal bacteria is essential for the assessment and management of water bodies.
Once released in rivers, the faecal bacteria are subjected to different processes leading to their disappearance (protozoan grazing, lysis, stress, settlement, solar radiation).
These processes are commonly modelled by means of a temperature dependent rate of disappearance.
Besides mortality, most of the traditional modelling approaches of faecal bacteria also consider the settling of bac- Hence, it is evident that the simulation should consider both free faecal bacteria and bacteria that are adsorbed to particulate matter, as well as the interactions between the bacteria and the particulate matter and the sediment transport. As such, a model to simulate water fluxes is evident;
a model to simulate the stream water temperature is also needed as the disappearance rate of faecal bacteria is temperature dependent.
The models
To represent the different processes governing faecal bacteria dynamics in the riverine environment, different models are needed. To this end, we followed the so-called 'open source route', whereby the preference was given to open source tools that had previously been tested successfully in similar catchments. The reason for selection of SWAT for the simulation of the river basin processes has been stated above. SWMM was selected as a hydraulic model, as it allowed us to deal with all the different components of the systemincluding the sewer systems with their auxiliary structures. Having chosen these two core components, additional modules needed to be developed for the sediment, the faecal bacteria, and the temperature.
In what follows, the different components are briefly described. Somewhat more emphasis is hereby put on the bacteria model that is the focus of this paper.
The hydrologic model: SWAT
SWAT is a physically based semi-distributed, hydrologic The sediment transport model
The developed river sediment transport module is based on the concept of the critical shear stress and the related critical particle diameter for the initiation of motion of non-cohesive bed particles. Hence, it assumes a critical diameter that divides the sediment between a fraction in motion and a fraction without motion. The critical diameter is determined by solving an algebraic expression, proposed by
Soulsby & Whithouse (), that closely fits Shields'
curve (Shields ) . Based on the critical diameter, the fate of sediment particles is determined. For this, the sediment is divided into number of classes according to its particle size distribution (PSD). A limitation on the transport capacity (on both sides) is imposed by using Velikanov's energy equation, as proposed by Zug et al.
():
where CT max is the critical erosion transport capacity (kg/m 3 ), CT min is the critical sedimentation transport capacity (kg/m 3 ), η 1 is the critical sedimentation efficiency coefficient (-), η 2 is the critical erosion efficiency coefficient (-), ρ w is the water density (kg/m 3 ), s is the specific grain gravity (-), w s is the settling velocity of grains (m/s) and u is the velocity of the water (m/s), S is the friction slope.
The authors recognise the simplicity of the approach for the modelling of the sediments. It is hereby important to consider that the aim of the tool is to perform long-term, continuous simulations, in view of the global assessment of alternative water quality management plans. In this perspective, a compromise had to be found between the complexity of the model on the one hand and, on the other hand, the availability of data regarding the sediments and their characteristics and the need for a fast and robust modelling tool that enables long-term continuous simulations.
The temperature model
To determine the stream water temperature, a regression model between air and stream water temperature is used.
Such regression models are the simplest means to predict the stream temperature and are especially popular due to the fact that they only require readily available data on the air temperature and that they have a small calculation overhead but nevertheless proved to be quite accurate (Webb et al. ) . A non-linear fit (Equation (3)) is used, as suggested by Mohseni et al. () :
where T a and T s are the air and the stream water tempera- (6) and (7) to represent the sorption of faecal bacteria to sediment.
where F f and F a are the free and the attached fraction of the faecal bacteria, K p is the partitioning coefficient (L/mg) and
C SPM is the SPM concentration (mg/L). For the SWMM OpenMI model the standard 'wrapping'
approach has been adopted with one important hydro-meteorological data such as rainfall, temperature, relative humidity, solar radiation and wind speed (Table 1 for data source and resolution). Figure 3 As SWMM needs a rural catchment runoff which was modelled with SWAT, an integrated model in OpenMI Hydro-meteorological data (Rainfall, relative humidity, wind speed, solar radiation, temperature) (Figure 1, right (Figure 1, right) . g Varies among the WWTPs. (). The (fixed) PSDs for the sediments in the tributaries were based on sampling campaigns during the GESZ project.
Sediment concentrations for the WWTP effluents were based on daily observations. The (fixed) PSDs for these sediments were based on sampling campaigns during the GESZ project. As the sewer models in SWMM only contain a simplified representation of the systems, it was not possible to model the sediment settlement/resuspension processes in Meuse (Belgium) and Scheldt. Hence, a first order decay rate of 45 × 10 À3 h À1 at 20 W C is considered for free E. coli, while a lower mortality rate (22.5 × 10 À3 h À1 at 20 W C) is used for the attached and for the settled E. coli. One remaining parameter of the integrated model, the partitioning coefficient, was calibrated using a heuristic approach based on the faecal bacteria concentrations at 13 GESZ sampling stations during DWF conditions. The integrated model was then validated for a long period that also included storm conditions. For the DWF situation, data obtained during five sampling campaigns at 13 selected stations along the river (Figure 1) 
Goodness-of-fit statistics
The quality of the different models was assessed using the percentage bias (PBIAS, Equation (8)), the ratio of the root mean square error to the standard deviation of the measured data (RSR, Equation (9))as purposed by Moriasi et al. () and the Nash-Sutcliffe efficiency (NSE, Equation (10)) (Nash & Sutcliffe ).
where X sim is the simulated quantity, X obs is the observed quantity, σ sim is the standard deviation of simulated quantities, σ obs is the standard deviation of observed quantities and N is the total number of observations.
Four performance ratings (very good, good, satisfactory and unsatisfactory) are used to provide a qualitative description of the model simulation accuracy. They are based on the values of the above mentioned statistical indicators, as formulated by Moriasi et al. () . Table 3 shows the range of statistical indicator values associated with a particular performance rating. Once the performance ratings based on each statistical indicator was assigned, a global performance rating was determined. For this, each category was assigned with an integer from 4 (very good) to 1 (unsatisfactory), and an average performance was calculated. For example, if the performance rating for a variable was very good (score ¼ 4) according to PBIAS and RSR, and unsatisfactory (score ¼ 1) according to NSE, then the global performance rating would be good (9/3 ¼ 3). (Table 3) , results of stream flow, temperature, and suspended sediment is presented for Vilvoorde ( Figure 5 ). Following sections discuss the results of faecal bacteria results in detail.
RESULTS AND DISCUSSION

Faecal bacteria model result
The dry weather flow (DWF) simulations Figure 6 shows that the model represents the variation of the E. coli concentration along the river well. This is also shown by the statistical indicators ( conditions. The authors believe that the resuspension of previously settled bacteria during storm events also plays an important role with regard to this phenomenon. The latter has serious implications with regard to the way the bacteria should be modelled: while most of the bacteria models only account for the free-form bacteria and for a one directional disappearance of the bacteria (considering settling only) in addition of mortality, the results shown here indicate that the bottom sediment constitutes a reservoir for bacteria and that resuspension needs to be accounted for.
Calculation time overhead
While the OpenMI based integration ensures the dynamic data exchange between the model components, thereby reducing the cumbersome and error-prone task of data extraction and conversion, it comes at the price of a substantial calculation time overhead. We found the increase of the calculation time to be around 9-fold in the OpenMI integrated sediment transport model 
CONCLUSIONS
In the light of growing realisation of the need for an integrated approach to holistic water resources management, any new methodologies, tools and frameworks that support the essence of integrated modelling should be tested and tried sufficiently in different use cases and environments so as to boost the confidence of practitioners. The
OpenMI has the potential to become a standard model linking interface. OpenMI has been tested and tried for some time now. At the same time, it is important that we create perform an integrated simulation using SWAT, SWMM, and newly developed sediment, temperature and faecal bacteria models. We tested this integrated model in terms of the river Zenne in Belgium to simulate faecal bacteria dynamics, with E. coli as indicator bacteria.
The results showed that the integrated model can simulate the dynamics of E. coli concentrations with 'Very
Good', and 'Satisfactory' accuracy for DWF, and long-term simulations, respectively. We are confident that such an integrated approach, which makes use of the best suitable models to build an integrated one for the river basin, can be very useful for supporting integrated river basin management. We also found that the calculation time overhead of the OpenMI-based integrated model is a major drawback of this approach. Hence, solutions for optimising the efficiency of the computer hardware and software, such as grid computing or parallel computing, need to be explored.
